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ABSTRACT: Two-dimensional (2D) metal halide perovskites, such as
BA,Snl, (BA=CH,(CH,);NHj;), exhibit an enhanced charge carrier % »% Pdls$)l1lon
lifetime in experiments under strain. Experiments suggest that jelongating ¢ f{p‘o
significant compression of the BA molecule, rather than of the ; hydrogen bonding

inorganic lattice, contributes to this enhancement. To elucidate the ‘
underlying physical mechanism, we apply a moderate compressive
strain to the entire system and subsequently introduce significant compression >

RS (D " lslow
compression to the BA molecules. We then perform ab initio i . i’ low high ﬁ

nonadiabatic molecular dynamics simulations of nonradiative elec- i

tron—hole recombination. We observe that the overall lattice 4 .,2?& -

compression reduces atomic motions and decreases nonadiabatic

coupling, thereby delaying electron—hole recombination. Additionally, g frequency

compression of the BA molecules enhances hydrogen bonding between

the BA molecules and iodine atoms, which lengthens the Sn—I bonds, distorts the [Snls]* octahedra, and suppresses atomic
motions further, thus reducing nonadiabatic coupling. Also, the elongated Sn—I bonds and weakened antibonding interactions
increase the band gap. Altogether, the compression delays the nonradiative electron—hole recombination by more than a factor of 3.
Our simulations provide new and valuable physical insights into how compressive strain, accommodated primarily by the organic

ligands, positively influences the optoelectronic properties of 2D layered halide perovskites, offering a promising pathway for further
performance improvements.

1. INTRODUCTION conversion efficiency compared to the conventional 3D

. . _ o 13
Perovskite solar cells and other devices have received strong organic—inorganic MAPbI; (MA=CH,;NH;) perovskite.

interest throughout the past decade. The energy conversion Extensive experimental efforts have been dedicated to

efficiency of perovskite solar cells has risen remarkably quickly, increase the1 1olpé‘t&electronic conversion efficiency of 2D halide
from 3.8% in 2009' to 26.1% in 2023.% Metal halide perovskites. " Our previous theoretical work has provided

perovskites possess a suitable band gap,® superior carrier insights into various aspects of the performance of 2D layered
mobility,* and intense optical absorption.” They are defect- halide perovskites, including the spontaneous charge local-

tolerant® and exhibit effective exciton dissociation into charge ization between layers, the influence of edges on charge carrier

carriers.” However, their susceptibility to heat and moisture™’ sep aratloni andiszelgor.nbllnatlon, and .the oP tlrmzatllon of the
spacer cations. Significant attention has been given to RP-

and the toxicity of lead'® have hindered the widespread . T onl i i
application and commercialization. To address these issues, phase 2D 'h’fihd? perovskites. j Replacing Pb anth SI;Z;(;
scientists have designed two-dimensional (2D) perovskites that redu'ce tox%aty m Z,D perovskites has bee'n considered.
contain large organic molecules within the octahedral frame. Stra%n engineering 15 a well-known physical tool to tune
2D Ruddlesden—Popper (RP) and Dion—Jacobson (DJ) phase semlconfluctors, and it Ahas been -us;dzsto m(?dulate 2D
perovskites have attracted considerable attention and are perovskite optoelectronic proper.tles.. ,2;3 27S tral.n can be
regarded as alternatives to three-dimensional (3D) perovskites, generaFed by. heterog;nzgous crystalll?atlon, , Ia.t tice thermal
since they still have excellent optoelectronic properties, while expansion mismatch,™ and stress induced by light, temper-

they are more stable and less toxic."' The general formulas of

the RP and D] phase perovskites are A’,A, ;B,X;,,; and Received: April 1§, 2024 =JACS
A’A,_ B, X;,.1, respectively. A’ and A represent organic Revised: ~ May 22, 2024
cations, B denotes a metal, X stands for a halide, and n Accepted:  May 23, 2024

corresponds to the number of inorganic octahedra across each Published: May 30, 2024

2D layer.'” At the same time, the large band gap and low
carrier mobility across layers limit the optoelectronic
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Figure 1. Optimized structures of (a) BASI, (b) LC-BAS], and (c) MC-BASL The brackets marked with percentages indicate the compression
applied. The red arrows in (c) indicate the direction of compression of the BA ligand layers.

ature, external pressure, and electric field.*** Metal halide
perovskites are soft”* and, as a result, are particularly sensitive
to strain.

Recent research has highlighted the significance of strain
engineering in organic—inorganic perovskites, with particular
emphasis on its impact on optoelectronic properties, including
band gap, carrier transport, defect properties, and charge
losses.””*>7** It has been observed that a controlled strain can
yield beneficial effects for perovskite device performance.
Reports suggest that even slight levels of strain can positively
impact the properties of these materials, indicating the
potential for strategic strain application to enhance perform-
ance.”*¥*%*~*> Our previous theoretical work has demon-
strated that applying compressive and tensile strain to
CH;NH;Pbl; can eliminate charge recombination centers
formed by defect states by shifting the traps from the band gap
into the bands.”® Further, the influence of strain on 2D halide
perovskites has been investigated, particularly in the presence
of large organic molecular spacers. Weak van der Waals
bonding between spacers in the organic layers in RP
perovskites reduces out-of-plane lattice stiffness, leading to
intriguing strain effects in these materials."* Recent advance-
ments in the development of 2D tin halide superlattice solar
cells have also shed light on the crucial role of the response of
organic molecules to strain.”> Experimental results indicate
that a large amplitude compression of organic molecules within
the superlattice significantly retards electron—hole recombina-
tion, thus enhancing the overall optoelectronic conversion
efficiency.” The experimental reports motivate theoretical
research into the mechanisms underlying the observed
phenomena. A comprehensive atomistic-level understanding
of the interplay between strain and carrier dynamics can
provide important insights and unlock new possibilities for
optimization of 2D layered halide perovskite materials for
diverse optoelectronic applications.

To fill the gap between the experimental data and atomistic
theoretical analysis, we employ real-time time-dependent
density functional theory (TDDFT)***” and nonadiabatic
(NA) molecular dynamics (MD)*® to study the nonradiative
electron—hole recombination in 2D (BA),Snl, subject to
compressive strain, in particular, focusing on the effect on the
strain on BA molecules and their interaction with the inorganic
lattice. We demonstrate that a large compressive strain of the
organic molecule influences the structure of the inorganic
lattice, elongating Sn—I bonds and distorting [Snl4]*~

16315

octahedra, due to enhanced hydrogen bonding between BA
molecules and I atoms. As a result, the BA,Snl, layers become
more structurally disordered, and the NA coupling between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) is reduced.
Additionally, the distortion of the [Snl4]*™ octahedra weakens
their interactions and increases the energy band gap.
Combined, these effects significantly, by a factor of 3.4, slow
down the recombination of charge carriers. The results are
consistent with the experiment® and provide valuable insights
into the interplay between the strain of organic molecules and
carrier dynamics in 2D halide perovskites, suggesting novel
strategies for further enhancement of their optoelectronic
performance.

2. SIMULATION METHODS

The NA-MD*** simulations are performed with the decoherence-
induced surface hopping (DISH) method,*® which is implemented
within the time-dependent Kohn—Sham density functional
theory.”**” The lighter and faster electrons are described quantum
mechanically, while the heavier and slower nuclei are treated
semiclassically. DISH takes into account the quantum decoherence
of the electronic subsystem, giving rise to trajectory branching.*® The
decoherence time scale is estimated as the pure dephasing time of the
optical response theory.”*> Quantum transitions take place in the
DISH algorithm as a result of the decoherence process and take place
at decoherence effects, establishing the physical foundation for
hops.”>**** This methodology has been successfully applied to
investigate photoexcitation dynamics in various systems, including
semiconducting quantum dots,>® plasmonic nanoparticles,’®” black
phosphorus,®®*° " transition metal dichalcogenides,**~®* graphitic
carbon nitride,”> 2D layered halide perovskites,">™'* 3D organic—
inorganic perovskites and their interfacial or grain boundary

17,64-75 76 . 77
systems, single-atom catalysts,”” ordered magnetic systems,
etc.

All computations are performed utilizing DFT implemented within
the Vienna Ab initio Simulation Package (VASP).”® The projector-
augmented wave (PAW) method is employed to describe core
electrons.””™®" The exchange-correlation functional developed by
Perdew, Burke, and Ernzerhof (PBE)® is used. The convergence
criteria for the total energy change during the electronic structure
convergence and force on each atom during geometry optimization
are set to 107 eV and 0.001 eV A7), respectively. A I'-centered 6 X 6
X 1 Monkhorst—Pack k-point mesh®* and 400 eV plane wave energy
cutoft are used. The van der Waals interactions are described using
the Grimme DFT-D3 method.** The geometries of the 156-atom
(BA),Snl, systems are optimized, and the systems are heated to 300
K by repeated velocity rescaling. Subsequently, 4 ps adiabatic MD
trajectories are generated within the microcanonical ensemble with a
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Figure 2. Overlaid images representing the motion during the 4 ps trajectories for (a) BASI, (b) LC-BAS], and (c) MC-BASL The plots show
multiple images of the same system over the 4 ps trajectory, with the change of color representing the time evolution.

1 fs time step, and the NA couplings responsible for electron—hole
recombination are computed. The NA Hamiltonians sampled by the 4
ps trajectories are iterated multiple times in order to model the long
charge recombination dynamics. All the 4000 geometries from the 4
ps trajectories are chosen as initial conditions for the NA-MD
simulations performed using the PYXAID software package.*>>*

3. RESULTS AND DISCUSSION

3.1. Geometric Structure. Tin-based 2D RP perovskites,
similar to lead-based perovskites, can be considered derivatives
of the 3D MASnI; perovskite obtained by cleavage along the
(110) plane. The formation of the 2D perovskite framework is
supported by hydrogen bonding between BA molecules and I
atoms. In this study, we select the monolayer (BA),Snl,
(BASI) as the pristine structure to construct compressed
models (Figure la). We introduce compressive strain of
different magnitudes. In the experiments,45 the lattice of the
tin-based 2D RP perovskite is compressed by 8.6% in the
direction perpendicular to the 2D layers. The inorganic lattice
compresses relatively little, with the majority of the strain
accommodated by the organic cations, which undergo a
compression of nearly 15%. Therefore, we first apply a
moderate compressive strain of 3.9% perpendicular to the 2D
layers to the whole lattice (LC-BASI, Figure 1b). Subsequently,
we introduce higher levels (9.2%) of compressive strain into
the BA molecules (MC-BASI) starting from the LC-BASI
structure. Comparing these systems allows us to identify the
influence of compression on the charge carrier dynamics
stemming from the overall system or just from the ligands.
This information can be used to tune the ligands as well as the
inorganic lattice, e.g, the number of octahedra in each 2D
layer. The compression of the BA molecules is achieved by
reducing the distance between two adjacent BA molecules
along the vertical direction, as indicated by the red arrows in
Figure lc. To ensure compression of the BA molecules, the
carbon atoms connected to the nitrogen atoms are kept fixed
(Figure 1c). The percentage (3.9%) of the inorganic lattice

. . A
compression is calculated as =5, where ¢ and Ac represent the
[4

lattice constant and the change in the lattice constant

perpendicular to the 2D layers, respectively. The percentage
(9.2%) of the BA ligand layer compression is calculated as %,

in which t and At represent the thickness of the BA ligand
layers and the change in the thickness perpendicular to the 2D
layers, respectively.

Figure 1 shows the optimized geometry of the BASI, LC-
BASI, and MC-BASI systems. Representative structures
extracted from the MD trajectories at room temperature
(300 K) are shown in Figure SI. In the optimized structures,
the lattice constants of BASI are 8.27, 8.79, and 25.42 A,
respectively, and the average Sn—I bond len§th is 3.129 A,
consistent with the values in experiments.*>*® The average
Sn—I bond lengths decrease to 3.115 A in LC-BASI and
increase to 3.139 A in MC-BASL The Sn—I bond lengths
averaged canonically at 300 K are 3.147, 3.126, and 3.159 A in
BASI, LC-BASI, and MC-BAS]I, respectively. The bonds are
longer than those in the optimized structures. Notably, the
Sn—I bond length is increased significantly in MC-BASI,
indicating that the inorganic Sn—I layers are rather soft. The
elongation of the Sn—I bond is essential to maintain hydrogen
bonding between BA molecules and I atoms under BA
molecule compression. Such hydrogen bonding supports the
Sn—I octahedral framework. To visually represent the
compression effects in these systems, the images from the 4
ps trajectories of the three systems (BASI, LC-BASI, and MC-
BASI) are overlaid and shown in Figure 2. The BA molecules
move more significantly inside the Sn—I framework than the
Sn and I atoms, which fluctuate around their equilibrium
positions. Despite the relatively large size of the BA molecules,
their long and flexible chains and the small size of the C, N,
and H atoms allow a more significant movement compared to
the Sn and I atoms. The atomic motions are suppressed in the
compressed systems (LC-BASI and MC-BASI) compared to
those in BASI, as demonstrated quantitatively by the standard
deviations and atomic velocities of BA, Sn, and I, summarized
in Table 1.

The canonically average standard deviations of the positions
of the BA, Sn, and I atoms and their average atomic velocities
(A/fs) are shown in Table 1. The canonically average standard
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Table 1. Standard Deviations (A) of the Positions of BA, Sn,
and I Atoms and Their Average Atomic Velocities (A/fs)
Shown in the Parentheses in the BASI, LC-BASI, and MC-
BASI Systems

BA Sn 1
BASI 0.524(0.0375) 0.317(0.0240) 0.355(0.0261)
LC-BASI 0.521(0.0357) 0.299(0.0223) 0.337(0.0247)
MC-BASI 0.462(0.0317) 0.288(0.0211) 0.313(0.0235)

deviations are obtained as 6, = +/((r, — (r,))?), in which r, is

the location of atom i along the adiabatic MD trajectories and
the angular brackets represent canonical averaging. Larger
standard deviations indicate stronger atomic fluctuations. The
canonically average atomic velocities are obtained numerically
according to v, = (#17%) The calculated atomic velocities are

tl+l i
consistent with the standard deviations. The fluctuations of the
BA molecules in LC-BASI are comparable to those in BASI,
while the inorganic lattice (Sn and I) fluctuates less under the
compression. Compression of BA molecules in MC-BASI
decreases the fluctuations of the Sn and I atoms as well. The
smaller amplitude atomic motions, particularly of the inorganic
Sn—TI lattice that supports charge carriers, suggest that the

electron—vibrational coupling should be suppressed by the
compression and that the carrier lifetime should increase.

To identify the influence of strain on geometry distortion in
these systems, we analyze three structural features, the in-plane
(Sn1-I1) and out-of-plane (Sn1—12) Sn—I bond lengths and
the £Sn1-I1-Sn2 bond angle, as shown in Figure 3. The in-
plane Sn1—I1 bond length characterizes relative motions and
interaction between Sn and I atoms within the 2D Sn—I layers,
and the out-of-plane Snl—I2 bond length identifies the
stretching motion perpendicular to the 2D Sn—I layers. The
£Sn1—-I1-Sn2 bond angle reflects the distortion and relative
orientation of the [Snl]*” octahedra. The electronic proper-
ties and electron—vibrational interactions are influenced by
these geometry deformations. The distributions of the in-plane
and out-of-plane Sn—I bond lengths are narrower in LC-BASI
than that in pristine BASI, indicating reduced bond length
fluctuations under lattice compression. The distribution of the
in-plane Snl—I1 bond is broader in MC-BASI, indicating
increased bond fluctuations under BA molecule compression.
Notably, both in-plane and out-of-plane Sn—I bond lengths
increase in MC-BASI under compression of BA molecules
compared to pristine BAS], attributed to the hydrogen bonding
between BA molecules and I atoms. The distribution of the
£Sn1—-I1-Sn2 angle is narrower in LC-BASI than in pristine
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Figure 3. Distributions of the in-plane Sn1—I1 bond length, the out-of-plane Sn1—I2 bond length, and the£Sn1—I1-Sn2 angle in (a) BASI, (b)
LC-BAS], and (c) MC-BASI systems. (d) Atom labeling and hydrogen bonding between a BA molecule and an I atom. The in-plane Sn1—I1 bond
and the out-of-plane Sn1—I2 bond of the 2D layers both elongate in MC-BASI due to hydrogen bonding between BA molecules and I atoms. The
longer in-plane Sn1—I1 bond and the larger fluctuation of the £Sn1—I11—Sn2 angle indicate an enhanced distortion of [Snls]*~ octahedra in MC-

BASIL
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BASI, and the canonically average £Snl—I1—Sn2 angle
increases from 149.17° (BASI) to 149.76° (LC-BASI). When
BA molecules are compressed in MC-BAS], the distribution of
the £Sn1—I1—-Sn2 angle is significantly broadened and the
canonically average £Snl—I1—Sn2 angle decreases notably
from 149.17° (BASI) to 146.41° (MC-BASI), signifying larger
distortion and fluctuations of [Snl]*™ octahedra. This can be
attributed to the hydrogen bonding interaction between BA
molecules and I atoms, which pulls the I atoms from [SnIg]*"
octahedra to the molecules (Figure 3d). The in-plane Sn—I
bond length increases and the [Snl¢]*” octahedra become
more distorted (Figure 3d). Structural disorder enhances
charge localization and has a considerable impact on electron—
hole and electron—vibrational interactions, with larger disorder
generally giving rise to longer charge carrier lifetimes.””** The
corresponding root-mean-square (RMS) values are also
calculated to quantitatively characterize the magnitude of
fluctuations for these three structural features. As shown in
Table 2, the Sn—I bond lengths are considerably larger, while

Table 2. Canonical RMS Values of the In-Plane Sn1—I1
Bond Length, the Out-of-Plane Sn1—I12 Bond Length, and
the £Sn1—I1—-Sn2 Angle of BASI, LC-BASI, and MC-BASI

Sn1-11 (A) Sn1-12 (A) Sn1—11—Sn2 (deg)
BASI 3.148 3.151 149.328
LC-BASI 3.130 3.142 149.896
MC-BASI 3218 3.164 146.704

the £Sn1-I11—Sn2 angle is notably smaller in MC-BASI than
that in BASI and LC-BASI, further indicating enhanced
distortion of [Snl4]*” octahedra under the BA molecule
compression.

3.2. Electronic Structure. Figure 4 shows the projected
densities of states (PDOS) of the three systems under
investigation. The HOMO is mainly composed of hybridized
Sn-5s and I-Sp orbitals, while the LUMO is predominantly
composed of Sn-Sp orbitals, as also seen from the HOMO and
LUMO charge densities (Figure S2). The schematic in Figure
4d illustrates the orbital hybridization of the Sn and I atoms.
The energy levels of the Sn-5s, Sn-Sp, and I-5p orbitals are
closely aligned, and their hybridization leads to the formation
of the HOMO and LUMO in these systems. The calculated
1.36 eV band gap of optimized BASI is smaller than the

experimental value (1.83 eV)** because the PBE functional is
known to underestimate band gaps.*” When the lattice is
compressed in optimized LC-BASI, the Sn—I bond length is
shortened and the band gap decreases to 1.23 eV. This is
attributed to the increased interaction of the Sn and I atomic
orbitals, lifting up the valence band edge, i.e., HOMO. When
the BA molecules are compressed in optimized MC-BASI, the
band gap increases to 1.36 eV. This is due to a stronger
distortion of the Sn—I cages, weakening the interaction of
[SnI¢]* octahedra. A schematic of the band gap increase due
to changes in the orbital hybridization is shown in Figure S3.
In these 2D perovskites, the HOMO consists of antibonding
combinations of Sn s and I p orbitals. The weaker interaction
between [Snl¢]*” octahedra reduces the level of the
antibonding interaction and lowers the HOMO energy. The
LUMO is less responsive to lattice distortions.*” Consequently,
when the lattice is distorted and the interaction weakens in
MC-BASI, the HOMO energy decreases and the band gap
increases. While the large BA molecules do not directly
contribute to the band edges of these systems, their presence
induces distortions in the inorganic Sn—I octahedra that
support the charge carriers. As a result, the BA cations
influence the recombination of charge carriers indirectly, and
therefore, charge carrier properties can be tuned by the choice
of ligand.

3.3. Electron—Vibrational Interactions. The NA cou-
pling characterizes inelastic electron—vibrational scattering that
results in relaxation of the electronic energy to heat and charge
losses. The NA coupling matrix element is defined as

—iﬁ((}%lVquﬁk)-Z—lj, consisting of the dot product of the

electronic matrix element and atomic velocity. The matrix
element depends on the relative localization of the electronic
wave functions and reflects the sensitivity of the wave functions
to atomic displacements. The evolution of the overlap of the
HOMO-LUMO charge densities, i.e., wave functions squared,
over the 4 ps trajectories is depicted in Figure S4. The
canonically averaged HOMO—LUMO charge density overlap
decreases in the order LC-BASI (0.0071) > MC-BASI
(0.0050) > BASI (0.0048). Typically, a smaller electron—
hole overlap leads to a weaker NA coupling. However,
HOMO-LUMO overlap cannot explain the observed trend of
the NA coupling. Therefore, the magnitude of NA coupling is
determined by the atomic velocity, reflected in the atomic
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Figure 4. Projected densities of states (PDOS) of (a) BASI, (b) LC-BASI, and (c) MC-BASL (d) Schematic of hybridization of Sn and I atomic

orbitals.
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Figure S. (a) Fourier transforms of un-normalized autocorrelation functions (un-ACF) for fluctuations of the HOMO—LUMO band gaps and (b)
pure dephasing functions for the HOMO—LUMO transition in BASI, LC-BASI, and MC-BASL. The inset of (b) shows the un-ACF. A larger initial
value of un-ACF generally leads to a shorter pure dephasing time, Table 3.

Table 3. Canonically Averaged Scaled Band Gaps, Pure Dephasing Times, Averaged Absolute NA Coupling, RMS Values of
NA Coupling, and Recombination Times for BASI, LC-BASI, and MC-BASI*

gap (eV) dephasing (fs) NA coupling (meV) NA coupling RMS (meV) recombination (ns)
BASI 1.83(1.27) 4.07 1.82 3.99 0.49
LC-BASI 1.72(1.16) 4.90 1.55 2.50 0.72
MC-BASI 1.90(1.34) 4.76 1.45 243 1.67

“The calculated canonically averaged band gap of BASI is scaled to match the experimental value.”” The same scaling constant is applied to scale
the band gaps of LC-BASI and MC-BASI. The original band gaps are included in parentheses.

velocities reported in Table 1 and correlated with the standard between BA molecules and I atoms triggers the twisting and
deviations of the atomic positions. The RMS values of the NA wagging motions of the BA molecules in MC-BAS]I, activating
coupling are significantly smaller in the compressed systems, the higher frequency vibrations between 200 and 400 cm ™.
especially for MC-BASI, compared to pristine BASI due to the In addition to inelastic electron—vibrational scattering,
smaller atomic velocity in these systems (Table 1). A smaller characterized by NA coupling, elastic scattering causes a loss
NA coupling results in slower charge carrier recombination. of coherence in the electronic subsystem. The electronic

To analyze the phonon modes coupled to the electronic decoherence time can be evaluated as the pure dephasing time
transition, we report spectral densities, computed by Fourier of the optical response theory utilizing the second-order
transforms of un-normalized autocorrelation functions (un- cumulant approximation®"”*

ACF) of band gap fluctuations along the MD trajectories, in . v
Figure Sa. Vibrations with frequencies below 300 cm™ D.(t) = exp(—i‘/ dt’/ dt"C--(t”)]
participate in the nonradiative recombination in BASL K n* Jo 0 K

Specifically, the Raman-active 100 cm™" mode is attributed
to Sn—I stretching motions’””" and the 60 cm™ mode arises
from Sn—I-Sn bending that causes distortion of [Snl]*~

where C;(t) is the un-ACF of the phonon-induced fluctuation
of the band gap OE;(t) between electronic states i and j,

octahedra.”” The higher frequency modes around 200 and 400 defined as

cm™! stem from .tor51;)3nal and wagging motions of. BA Cij(t) = <5Eij(t )5Eij(t —t)),

molecules, respectively.”” In LC-BASI, the signals arising

from the high-frequency vibrations above 200 cm™" decrease Figure Sb presents the pure dephasing functions. The un-
significantly, attributed to the overall contraction of the system ACFs are shown in the inset, and their initial values represent
that enhances the interaction between the BA molecules and the square of the band gap fluctuation. The pure dephasing
the Sn—I framework. In turn, the interaction suppresses the times are derived by fitting the data to a Gaussian, exp
torsional and wagging motions of the BA molecules. The signal [—0.5(—t/7)*]. The sub-5 fs pure dephasing times (Table 3)
arising from the low-frequency vibration around 60 cm™' is stem from the strong electron—vibrational interaction and the
notably smaller in LC-BASI relative to that in BASI and MC- participation of multiple phonon modes. These values are
BASI. This can be attributed to the compression of the overall significantly smaller than the electron—hole recombination
system, suppressing low-frequency bending motions that times,”” necessitating the integration of decoherence into NA-
distort [Snl¢]*" octahedra of the 2D perovskite. Conversely, MD simulation.’”***° In general, the values of the pure
in MC-BASI, the signals arising from the low-frequency dephasing time can be rationalized by the initial amplitude and
vibrations around 60 and 100 cm™' increase significantly decay characteristics of the un-ACE.”*”® A larger un-ACF
because the BA ligands are compressed away from the initial value results in a shorter pure dephasing time. The
inorganic layers, allowing the layers to move more freely. square root of the un-ACF initial value, 52E,-j(0), represents
This leads to an enhanced distortion of the [Snl¢]* octahedra band gap fluctuation, as seen in Figure SS. The calculated band
and causes partial charge localization, thereby decreasing the gap variances corroborate the un-ACF initial values, which

NA coupling. Simultaneously, strong hydrogen bonding decrease in the sequence LC-BASI < MC-BASI < BASI. The
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pure dephasing times decrease in the opposite order as
expected,”*”® Table 3. The suppression of decoherence/pure
dephasing in the compressed system is attributed to a
reduction in atomic motions. Faster decoherence often leads
to slower carrier recombination.”

3.4. Nonradiative Electron—Hole Recombination.
Figure 6 shows the evolution of the population of the first

1
0.8
c
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a
00.4'
o
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0
00 02 04 06 08 1.0

Time(ns)

Figure 6. Electron—hole recombination dynamics in BASI, LC-BASI,
and MC-BASIL

excited state of the three systems. To account for the
underestimation of the band gap by the PBE functional, we
scaled the canonically averaged band gap of BASI (1.27 eV) to
match the experimental value of 1.83 eV.”> The same constant
was applied to shift the canonically averaged band gaps of LC-
BASI (1.16 eV) and MC-BASI (1.34 eV), as shown in Table 3.
The NA coupling was scaled accordingly to reflect the inverse
proportionality to the energy gap.”” By fitting the data to the
exponential function P(tf) = exp(—t/7), we obtained the
electron—hole recombination time scales, 7, as summarized in
Table 3. The calculated electron—hole recombination time of
BASI is 0.49 ns, which is consistent with the experimental
value.”” When the lattice is compressed by 3.9% in LC-BASI,
the electron—hole recombination becomes slower, 0.72 ns.
When further compression is applied to the BA molecules,
electron—hole recombination becomes even slower, 1.67 ns.
Slower carrier recombination results in reduced ener%y and
charge losses and enhanced optoelectronic performance.”” The
interplay among the NA coupling, the pure dephasing time,
and the band gap can rationalize the differences in the
calculated electron—hole recombination time scales. Specifi-
cally, this time scale extends by a factor of 1.5 for LC-BASI and
3.4 for MC-BASI compared to BASL This extension is due to
the reduced NA coupling in LC-BASI. For MC-BAS], both the
reduced NA coupling and increased band gap favor a longer
carrier lifetime. The pure dephasing times can have a complex
influence on the relaxation time.”> The reported results
indicate that the substantial compression of the organic
molecules, rather than compression of the inorganic lattice, is
the main cause of the extended carrier lifetime in the 2D halide
perovskites, rationalizing the experiment.45

4. CONCLUSIONS

By performing the ab initio quantum dynamics simulations of
nonradiative electron—hole recombination in pristine and
compressed 2D layered tin RP halide perovskites, we have
demonstrated that the significantly extended charge carrier
lifetime in BA,Snl, stems from the notably compressed BA
molecules rather than the inorganic lattice compression.

Compression of the inorganic lattice only delays the non-
radiative electron—hole recombination by a factor of 1.4
compared to the pristine system due to the suppressed atomic
motions and reduced NA coupling. BA molecules undergo
much larger compression, and their distortion changes the
properties of the inorganic lattice. In particular, the large
compression of BA molecules leads to elongating of the Sn—I
bonds and enhances distortion of the [Snl¢]*™ octahedra due
to increased strength of hydrogen bonding between the BA
molecules and the I atoms of the lattice. This further reduces
atomic motions, reduces the NA coupling, and broadens the
band gap, thereby delaying the nonradiative electron—hole
recombination by a factor of 3.4 relative to the pristine system.
The findings shed light on the crucial role of organic molecule
compressive strain in extending the lifetime of charge carriers,
offering essential mechanistic insights into charge carrier
recombination and providing a new strategy to improve the
optoelectronic properties of 2D halide perovskites.
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